The study of viscosity-temperature dependence is important for the design and the optimization of several industrial processes and products. In this context, an interesting equation is recently proposed for pure solvents correlating the two parameters of the viscosity Arrhenius-type equation, as knowing the activation energy (Ea) and the pre-exponential factor (As), allowing the simplification of the viscosity Arrhenius equation to become an expression depending on only one parameter instead of two. The present work investigates the validity of the simplified Arrhenius-type equation for ternary fluids mixtures. The extension of the proposed equation to ternary liquid mixtures is very important since it simplifies the estimation of viscous behavior and the ensuing calculations. Using statistical methods and 114 experimental data from the literature on viscosity for 5 ternary liquid mixtures over different temperature ranges at atmospheric pressure, we found that the validation of the proposed equation depends significantly on the density of liquids and is validated only for 4 studied ternary liquid mixtures. This result opens the way to investigate the sensitivity of the equation's parameters for more specific mixtures.
Introduction
Fluids viscosity is one of the main transport property involved in chemical engineering and several industries such as food industry, cosmetics and pharmaceuticals, etc. Indeed, viscosity is essential for hydraulic calculations of fluid transport and for energy transference computation [1] [2] [3] [4] [5] [6] . Consequently, several theoretical, semi-theoretical and empirical equations of fluid viscosity have been proposed in the literature following three main theories: the reaction rate theory of Eyring 7−9 , the molecular dynamic approach proposed by Cumming and Evans 10 and the distribution function theory of Kirkwood et al. 11 .
Particularly, several studies have been made in order to analyze the viscosity-temperature dependence. Thus, different expressions have been suggested in the literature for modeling the liquid viscosity (η) against temperature (T) through available experimental data for an interpolation aim [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In this context, Kacem et al. 25 have recently found a significant correlation between the two parameters of viscosity Arrhenius-type equation for some common solvents, which are the Arrhenius energy (Ea) and the factor (lnAs). Hence, they have proposed an empirical equation modeling this relationship and then they have proposed a simplified expression of the Arrhenius-type equation.
The current work aims to extend the validity of the Kacem et al. 25 models to ternary mixtures. For that, statistical tools are applied using data sets from the literature of ternary liquid mixtures at different compositions and temperature ranges 26, 27 .
The validation of the proposed equation is important since it allows redefining the Arrhenius equation by using single parameter instead of two. The advantages and benefits of such scheme are obvious to the computational aspects in a myriad of disciplines in engineering and science.
The temperature dependence of liquid viscosity: a literature review
Several equations have been proposed in the literature for representing the liquid viscosity () upon temperature (T) through experimental data for interpolation purpose. Generally, they differ according to the number of parameters. For that, one can classify them into three categories: two-constant, three-constant and multi-constants equation.
The representation of Newtonian liquid viscositytemperature dependence with two parameters is proposed initially by Guzman 12 and known as the Andrade equation as following:
where A and B are positive constants and are characteristics of each pure liquid. Following the Andrade equation, many expressions have been suggested based on two parameters [13] [14] [15] . However, the most popular is the Arrhenius typeequation which may be expressed as following:
Where R, Ea and As are the perfect gas constant, the Arrhenius activation energy and the preexponential factor of the Arrhenius equation.
Also, considering the Newtonian liquids not obeying to the Arrhenius behavior, several non-linear models with two parameters are proposed which are ranging from semi-theoretical to purely empirical and discussed in previous works [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
The three-constant representation of the viscosity-temperature dependence is proposed originally by Vogel 17 and known as Vogel-Fulcher-Tammann-type equation 17, 19 :
Where A, B and C are constants. Following Vogel, several researchers have proposed similar expressions of the viscosity-temperature dependence 14, 15, 20 . In addition, others researcher have proposed different forms using three parameters such as the Eq. 5 and Eq. 6, which are proposed by Girifalco 20 and Thorpe and Rodger 21 respectively.
where A, B and C are parameters' models.
Concerning the expressions based on more than three constants, they have been proposed in the aim to improve the accuracy of the representation, particularly over wider ranges of temperature. The most popular multi-constant equations are polynomials, such as the Eq. 7 16 with 4 parameters and the Eq. 8 24 with 5 parameters. Recently, Kacem et al. 25 have shown a significant correlation between the two parameters of viscosity Arrhenius-type equation, the Arrhenius activation energy (Ea) and the pre-exponential factor (lnAs) for some pure solvents studied at different temperature ranges. Thus, they have proposed the following equations linking the two parameters:
where R is the gas constant.
Hence, according to Kacem et al. 25 , the Arrhenius-type equation can be simplified to become an expression based on only one parameter instead of two ones as following:
Note that the Kacem et al. 25 expressions have been also validated for binary mixtures and some specific families of liquids such as alcohols, organic acids, aldehydes, ketones, alkanes, etc [28] [29] [30] [31] .
Empirical investigation: extension to ternary mixtures
Assuming the validation of the Kacem-Ouerfelli equations, Eq. (9) to Eq. (12), for pure and binary liquids mixture, our investigation will focus on analyzing its eventual extended validity to ternary fluid mixtures. For that, we use 114 experimental data from the literature on viscosity for 5 ternary liquid mixtures over different temperature ranges at atmospheric pressure 26, 27 . Thus, the proposed investigation will be based on analyzing the predictive power of Kacem-Ouerfelli equations by comparing the experimental with the estimated values of the Arrhenius-type equation parameters, as knowing the Arrhenius activation energy Ea (kJ·mol -1 ) and the logarithm of the entropic factor of Arrhenius ln(As/Pa·s). Table 1 presents the experimental values of Arrhenius activation energy Ea (kJ·mol -1 ) and the logarithm of the entropic factor of Arrhenius ln(As/Pa·s). In addition, for the discussion, we report in the same Table other temperature parameters as defined by Kacem et al. 25 , as knowing the Arrhenius temperature (TA /K) and the Arrhenius activation temperature (T*/K, T* = Ea/R) 25, [28] [29] [30] . Table 1 . Experimental values of Arrhenius activation energy Ea (kJ·mol-1), the logarithm of the entropic factor of Arrhenius ln(As/Pa·s), the Arrhenius temperature TA (K) and the Arrhenius activation temperature (T*= Ea/R /K) for 5 ternary liquid mixtures. Nevertheless, regarding the five ternary mixtures used in this paper, we note that the fifth mixture, dimethyl carbonate (1), methanol (2) and hexane (3), is a fluid with very low viscosity values. Consequently, in order to take into consideration any eventual effect of such mixture on results 30 , our analysis will be made for three different cases separately i.e., using all data, using the first four mixtures of the Table 1 , defined as the Group 1 of data, and using the fifth mixture of the Table 1 (dimethyl carbonate (1), methanol (2) and hexane (3)), defined as the Group 2 of data. Table 2 presents descriptive statistics on experimental and estimated values of parameters for each case i.e, using all data and by groups. The descriptive statistics show that the experimental data are almost similar to the corresponding Ea−values and lnAs−values estimated from Eq. (9) and Eq. (10), particularly for the Group 1. This allows as expecting a good approximation accuracy of the Kacem-Ouerfelli equations for ternary liquids mixture. Also, Table 3 presents the Average Absolute Deviations (AAD) for each case, which is a good indicator of quality of approximation 32 . The AAD confirms that the best quality of approximation in mean is clearly in the Group 1 of mixtures where their values is very low for both parameters indicating the little discrepancy between the experimental and the estimated values. Nevertheless, descriptive statistics are useful but cannot give strong conclusions about the comparison between experimental versus estimated values. For that, there is a need to run a statistical test of comparison of populations such as the Wilcoxon Signed-Rank test 33 , where the null hypothesis assumes that the two samples are from populations with the same distribution and thus we can decide whether the corresponding data population distributions are statistically identical. Table 4 presents the result of the test for each used sample.
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Results of the test confirm the importance of taking into consideration the density of ternary liquid mixtures. Indeed, the Wilcoxon Signed-Rank test leads to reject the null hypothesis for both parameters Ea and lnAs if all data are used. Also, the null hypothesis is rejected for the group 2, i.e. the mixture of dimethyl carbonate (1), methanol (2) and hexane (3) . However, using only the data of Group 1, the null hypothesis becomes accepted indicating that the distributions of the experimental and the estimated values are significantly the same. We deduce from that the validity of the Kacem-Ouerfelli equations for ternary mixture in addition to pure and binary liquid mixtures only for the Group 1.
In order to show the quality of approximation of the Kacem-Ouerfelli equation graphically for ternary mixture of Group 1, we present in Fig. 1 and Fig. 2 the experimental and the estimated values simultaneously for both parameters. Fig. 1 shows the experimental data of one parameter on x−axis with experimental and estimated values simultaneously of the second parameter on the y−axis. Fig. 2 shows the experimental values of the activation energy (Ea)exp and the entropic factor (lnAs)exp in direct comparison with the estimated values (Ea)exp and (lnAs)calc, respectively. Thus, regarding these figures, it is clear that the gap between experimental and estimated values is indicating a slight discrepancy and confirms the good quality of approximation of the Kacem-Ouerfelli equations and its validation for ternary liquid mixtures in addition to pure and binary liquid mixtures for the Group 1 of liquids mixtures. In addition, Fig. 3a and Fig. 3b illustrate the relative deviations in percentage between experimental and calculated values of both parameters for the first group of liquid mixtures. The figures confirm also the precedent result about the good quality of approximation. Indeed, it appears clearly that the relative deviations are very low for both parameters.
Conclusion
Assuming the validity of the equations proposed by Kacem et al. 25 for pure liquids, equations (9) and (10) , which model the relationship between the viscosity Arrhenius-type equation parameters, as knowing the entropic factor (lnAs) and the activation energy (Ea), this paper aimed to investigate their validity for ternary liquid mixtures. For that, we used a sample of 114 experimental data from the literature on viscosity for 5 ternary liquid mixtures over different temperature ranges at atmospheric pressure to estimate lnAs and Ea. In addition, in order to take into consideration, the low viscosity values of the fifth ternary liquid mixture (dimethyl carbonate (1), methanol (2) and hexane (3)), our analysis is made for three different cases i.e., using all data, using the first four mixtures (Group 1 of data), and using the fifth mixture, defined as the Group 2 of data. At first, a comparison between the experiential values of the parameters Ea and lnAs and their estimated values using Eq. (9) and Eq. (10) is made based on descriptive statistics and the Average Absolute Deviations (AAD). Results show that the experimental data are almost similar to the corresponding estimated values only for the first Group of ternary liquid mixture.
In addition, results of the Wilcoxon Signed-Rank test leads to accept the null hypothesis only for the first group of data indicating that the distributions of the experimental and the estimated values are significantly the same. Different graphical methods are also used; all showed clearly that the gap between experimental and estimated values is indicating a slight discrepancy for the first group of ternary mixture.
We deduced from that the validity of the Kacem-Ouerfelli equations for ternary mixture in addition to pure and binary liquid mixtures only for the first Group of studied liquids mixtures. This indicates also the importance of taking into consideration the density of ternary liquid mixtures in this study.
This result is important in fluids engineering since the validation of these equations for ternary liquid mixtures simplifies the estimation of viscous behavior and the ensuing calculations by reducing the number of viscosity equation parameters and thus facilitating manipulations. We expect that this study will be useful in large domains of applied chemistry and engineering and will open new interesting field of profitable investigations such as the study of specific groups or families of organic liquids solvents. It could also pave the way to estimate more accurate values of the equation's parameters, when the natures of fluids are classified separately.
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